The temperature increase due to incident solar radiation has an adverse impact on the electrical output of photovoltaic (PV) modules. A theoretical model of the fabricated and tested bionic evaporation backside cooling was established and verified by experimental investigation. A micro fluidic structure featuring micro pores consists of two polymer layers attached on the backside of a PV cell model. The thermal performance of roof mounted PV modules with rear panel air ventilation was mathematically described and extended by the cooling capabilities of the developed bionic evaporation foil. The experimental investigations performed in a roof equivalent test environment consisting of a wind tunnel within a climate chamber were in good accordance to the established model. Experimentally temperature reductions at low incident solar power of less than 575W causing an efficiency gain for up to 4.8% have been demonstrated while the model implicates an efficiency increase of 10% for real roof systems at an incident solar radiation of 1000W .
INTRODUCTION
The aimed exit from nuclear and fossil-fuel energy requires highly efficient working green energy sources such as wind, water and solar power plants. One of the widely spread and common green energy sources in Germany are roof mounted photovoltaic modules. On the one hand the efficiency increases with rising incident solar radiation as the relevant energy source while on the other hand solar radiation leads to a rising module temperature with 1.8K/100W /m 2 [1] which affects a decreasing photon penetrability and a reduced band gap [2, 3] . This causes a rise of short circuit currents at nearly constant open-circuit voltages and leads to an efficiency decrease of 0.13 − 0.5%/K [1, 4] . To reduce the solar caused heating of PV cells applying a cooling system is a promising approach to increase the electrical power output. The mostly used and commercially established cooling method is based on rear panel convective heat removal [5, 6, 7] . An air gap showing a distance between roof and PV module of 70 − 110mm provides a module temperature reduction of 5 − 6K [8] . Radiator ferent coolants such as air [1, 10] , water [9] or liquid medium containing nano particles for improved heat transfer [11, 12] . An excellent cooling performance can be provided by taking advantage of the phase transition liquid to gas and reverse [13, 15] . Mainly this two-phase coolers are used as heat pipes [14] with an extensive construction effort as drawback. Heat pipes and radiator principle are mainly incompatible with (inline) mass production due to the required complex assemblies. This research work presents an exceptional PV cooling system according to the biological established evaporative cooling mechanism of trees. A novel rear panel cooling by emulating the trees transport mecha12th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics nism for water with a micro fluidic system has been investigated. Its combination with the established ventilation cooling leads to a promising synergistic PV module cooling.
BIONIC CONCEPT
Mother Nature developed in the evolution process a highly efficient cooling mechanism: the evaporative cooling. Trees are one out of numerous species using this mechanism. Basically trees use three sections schematically shown in Figure 1A . First sector named root works as an interface to the water reservoir (soil). Beyond fixing the tree in the ground its main tasks are absorbing water (coolant) and nutrients from the soil and transferring it to the second sector the trunk. This region consists of hydrophilic channels of 8 − 500µm diameter. Its merit is the water transport from rootage to leaves -the third section. Beyond other functions the leaf pores facilitates the evaporation area where the actual cooling takes place while water performs the phase transition from liquid to gaseous state. A pore consists of a stoma and its inter cellular spaces. These inter cellular spaces of 10nm diameter represent the transition surface and open out into the stomata showing diameters in the range of 10 − 100µm and composing the quantitative control mechanism. When the system once is filled e.g. by applying an osmotic pressure the interaction of the three sections in addition to the phase transition composing a transpiration pull. This delivers sufficient coolant water to the pores. This biological concept combined with micro structural capabilities leads to the schematic design illustrated in Figure 1B . An externally realized water reservoir is interfacial connected with micro channels of 100µm width which open out into an evaporation region. The evaporation region shows a pore to surface ratio of about 4% and a pore diameter of 30µm ± 1µm. The prototype was realized in microscope slide size (25.5mm x 76mm x 525µm) on one side polished silicon using the permanent dry film resist TMMF S2030 (TOK) processed as described in previous published work [16] .
DERIVED MODEL
Roof mounted PV modules commonly feature an air ventilation with a ventilation slot of 70 − 110mm distance to the roof as shown in left part of Figure 2 . In addition to the general front panel heat dissipation this assembling type secures heat release on the rear panel as well. Based on this ordinary roof construction system the heat flow balance can be expressed aṡ
where the incident solar radiationQ S is responsible for the cell heating while the diverted heat flows ( Figure 2A ) on front panel Q F and rear panelQ B return the heat to the ambiance. The net capacitive heat flowQ hc results from the difference between cell and environment temperatures ∆ϑ C,a = ϑ C − ϑ a .
PV cell heating characteristics
The PV cell heating characteristics can be described using equation 1 by equating the solar heat flow with a constant heating power P H valuing the incident solar radiationQ S = P H = const. The capacitive heat flow can be expressed asQ hc = c · m · d∆ϑ C,a /dt, with the material (silicon) specific heat capacity c, the mass m and the time rate of temperature difference ∆ϑ C,a between solar cell temperature (ϑ C ) and ambient temperature (ϑ a ). The front panel heat flow can be expressed aṡ Q F = α F · A · ∆ϑ C,a , with the heat transfer coefficient α F of the front panel and the PV module surface A. The rear panel heat flow can be written asQ B = α B · A · ∆ϑ C,AG , with the heat transfer coefficient α B of the rear panel as well as temperature difference ∆ϑ C,AG of cell temperature and the mean air gap temperature (ϑ AG ). It is advantageous for the following calculations, if the temperature difference ϑ C,AG between cell and air gap is formulated including the ambient temperature ϑ a :
This leads to equation 3, the differential equation for PV cell heating characteristics of air ventilated systems.
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, with the thermal emittance ε, the Stefan-Boltzmann constant σ and the meteorologic wind velocity v 10 in 10m height [7] . In accordance to Cole and Sturrock the rear panel heat transfer coefficient α B is assumed to be α B = 11.4 + 5.7 · v AG , with the wind velocity v AG in the air gap [17] .
The solution (equation 4) of this inhomogeneous differential equation describes the temperature difference between PV cell temperature and ambient temperature as a function of time:
At the state of equilibrium where t → ∞ the exponential function tends to zero resulting in a steady-state temperature difference between PV cell and ambient temperature which is independent of the capacitive heat transfer of the PV cell:
Evaporation Various published research is targeting on calculating evaporation [18] . The most appropriate calculations are based on Daltons work and complemented by experimentally determined constants e.g. [19, 20, 21, 22] .
Giebler and Knechtel derived a formula 6 for the specific evaporation E m , that is the evaporated mass of a liquid (in general water) related to the evaporation area, including the main environmental conditions like relative humidity ϕ, water temperature ϑ W which is assumed to be equal to the cell temperature ϑ E C in presence of evaporation, air temperature which is supposed to be the main air gap temperature ϑ AG and the evaporation affecting wind velocity v AG in the air gap. The applied extension of wind velocity by an exponent α due to the introduction of the turbulence model to evaporation of Satori [18, 23] considers the expected turbulence of the air flow in the duct. In addition the formula includes the water vapor pressure p 0 at 0 • C and the constants C 1,M , C 2,M , C 3,C , C 4,C , C 5,E and C 6,E (exact values see Nomenclature) which are partly based on empirical investigations.
PV cell temperature considering evporative cooling The PV module extended by the bionic evaporation foil is schematically shown in Figure 3 . The heat flow as a result of evaporationQ E isQ E = −ṁ E · h, with the mass changeṁ E due to evaporation and the specific evaporation heat h. Under consideration ofṁ E = E m · A E , with the surface of evaporation A E , the evaporative heat flow can be expressed asQ E = −E m · A E · h. The evaporative heat flowQ E is added in equation 1
equation 5 and respectively. Under consideration of evaporative cooling the PV cell temperature ϑ E C can be expressed as equation 8 .
Equation 8 is a transcendental equation of ϑ E C which is solved by numerical iteration. Solutions for different ambient conditions are shown and discussed in the following section.
TRENDS AND RESULTS
The average air temperature ϑ AG within the air gap is assumed to be 10K higher than the ambient temperature [6, 7] . An analysis of the cell temperature and incident solar radiation data from Kropf [24] and the related meteorological data from the German (DWD) and the Swiss (MeteoSchweiz) meteorological services provided the assumed environmental values to define standard conditions for comparison. This standard conditions are incident solar radiation P H = 1000W , relative humidity ϕ = 35%, wind velocity in 10m height v 10 = 3,3m/s and ambient temperature ϑ a = 35 • C. Figure 4 illustrates the temperatures of a PV cell for the mentioned standard conditions without cooling (red), with front and rear panel cooling by ventilation (black) and with front and rear panel cooling in addition to bionic evaporative cooling (blue) in dependence of the wind velocity v AG in the air gap.
The temperature difference between the black curve (cell temperature ϑ V C only with ventilation cooling) and the blue curve (cell temperature ϑ E+V C with ventilation and evaporation cooling) represents the cooling capability ϑ E cooling cooling of the presented bionic evaporation system:
As shown in Figure 4 , ϑ E cooling is largest at no wind velocity in the air gap showing a cooling effect of about 10K. Increasing the wind velocity, the effect of evaporation cooling is somewhat reduced, but at v AG = 3.3m/s it is still about 7K.
The influence of the relative humidity ϕ on the cooling behavior has been investigated using formula 8 with the result that variations in the range of 35 − 55% lead to temperature effects of less than 1K. Therefore the influence of the relative humidity on the cooling characteristic is negligible.
Another environmental parameter which affects the cooling performance is the ambient air temperature ϑ a . Figure 5 shows that at low wind velocities the highest cooling efficiency of about 12K is found at maximum ambient temperature of 45 • C, at 15 • C it is still 5K. At higher wind velocities v AG the relative cooling effect of evaporation cooling slows down e.g. to 8K at ϑ a = 45 • C. Figure 6 illustrates the influence of incident solar radiation on evaporative cooling performance. While at high wind velocities in the air gap of 3.1m/s the cooling capability at 575W is 3.2K and at 1000W 5.7K respectively. At low wind velocities (0.1 − 0.4m/s) a cooling of 9.5K can be expected at a solar heat flow of 1000W .
The essential environmental factor with major impact on the cooling efficiency is the wind velocity as Figure 7 demonstrates. At calm environments (v 10 = 0m/s) the cooling performance of the investigated bionic evaporative cooling system reaches its maximum of 19K at minimal wind velocity in the air gap (v AG = 0.04m/s) while at common environmental conditions (v 10 = 3.3m/s) the cooling effect reaches still up to 9K. The variation of temperature difference in dependence on wind velocity in the air gap shows major affect as well. It varies between 3.0K (v 10 = 4.0m/s) and 11.0K (v 10 = 0.0m/s) for air gap wind velocity between 0.23m/s, 0.04m/s respectively and 3.1m/s with exponentially decrease of wind velocity.
In conclusion, the cooling performance of evaporation cooling for typical European summer climates shows temperature reductions in the order of 5 − 10K which is supposed to be in the relevant range of interest for PV cooling systems.
EXPERIMENTAL SETUP
In order to check the derived theoretical model of PV-cooling by ventilation and additional evaporation cooling, an experimental prototype has been built up and tested in our laboratory. The microfluidic chip design and fabrication has been described already in the chapter Bionic Concept. The presented chips are mounted in a holder ensuring water supply from an external reservoir. In the center of the back side of the evaporation region calibrated Pt100 resistors are placed for measuring the silicon chip temperature ϑ E C showing an accuracy of 0.5K. The chip holder is placed in the neighborhood of the side wall of an especially manufactured wind tunnel. The gap between the wind tunnel side wall and the chip is shadowed to ensure no ventilation cooling at the front side of the chip (see Figure 8 ). The setup including the chip holder together with the wind tunnel is placed in a climate chamber (Memmert, HPP 108) ensuring a constant climate of 70 • C temperature and ϕ = 35% relative humidity. Four wind velocities v AG (0.13m/s, 0.62m/s, 1.61m/s, 2.43m/s) measured by a hot-wire anemometer (Trotec TA300) have been tested in a turbulent wind ambiance according to the air gap of commonly roof mounted PV modules. Evaporation rates are measured by periodically monitoring the amount of evaporated water.
The average of the measured chip temperatures in dependence on wind velocities and the resulting cooling capabilities are listed in Table 1 . The minimum measured cooling is 7.0K at a wind velocity of 0.13m/s while the maximum is 9.6K at 2.43m/s.
62. Table 1 . Results of temperature measurement of chips with bionic evaporation backside cooling in a wind tunnel. 
VALIDATION OF RESULTS
In the experimental setup there is no solar radiation (P H = 0W ). The heating of the system is obtained by constant ambient temperature ϑ a in the climate chamber, which is set to 70 • C. This leads to test conditions which are approximately comparable with a PV roof system under ambient conditions of an air gap temperature ϑ AG which is equal to the ambient temperature ϑ a of 70 • C and 35% relative humidity ϕ. Figure 8 shows the appearing heat flows and the relevant environmental parameters. Taking the relevant experimental conditions into account in formula 8: P H = 0W and ϑ AG = ϑ a , then it simplifies to Figure 9 shows a comparison between the experimentally obtained results of the cooling capabilities of the presented bionic evaporative cooling system and the calculations performed with formula 10. In the calculation we assumed a surface ratio between PV cell surface and evaporative area A E /A of 4% at no wind on the front panel and 35% relative humidity in the air gap. The heat transfer coefficient on front panel a F in the experimental setup is taken as α F (v 10 = 0m/s) = 11.4 and for rear panel it has been assumed to be α B = 1, 7 · v AG − 4, 5. These results confirm, that the developed theoretical model (green line) is able to predict very well the experimental situation (blue squares). 
CONCLUSION
The addition of evaporation cooling to conventional ventilation cooling in PV-systems using the bionic principle of evapo12th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics ration by pores and the self-maintaining water transportation by capillarity and transpiration induced under pressure is attractive because it enhances the overall efficiency of PV modules in the order of 10% (under middle European normal weather conditions). A theoretical model has been developed which allows the calculation of the added value of evaporation cooling on the cooling efficiency of the total system including all relevant environmental parameters. The calculations confirm that the influence of evaporation cooling on the total cooling balance is highest at low wind velocities, because of the low cooling effect of ventilation. But even at normal wind velocities the cooling added by evaporation is in the order of 5K which is reasonable for economic exploitation. To verify the predicted cooling effects by evaporation an experimental microfluidic prototype has been setup and tested in the controlled environment of a climate chamber. The cooling effect has been measured as function of wind velocities. Using the experimental parameters the cooling effect was calculated by the developed model. The results were in very good agreement with the measurements which gives confidence that the developed model is well suited to further optimize cooling configurations for future high-efficient PV-systems.
The presented work is a first feasibility study of the developed bionic PV cooling system intended mainly as proof of principle. For its practical application as cooling system for roof mounted PV modules several practical issues have to be resolved e.g. a required permanent water reservoir to maintain the evaporative capacity and a pollution management to prevent the micro fluidic structures from plugging.
